Overexpression of CU,Zn superoxide dismutase (SOD I) reduces ischemic injury in some stroke models but exacerbates injury in a neonatal stroke model and in other settings. The current study used a SOD I transgenic (SOD 1-Tg) murine cortical culture system, derived from the same mouse strain previously used for the stroke models, to identify condi tions that determine whether SOD I overexpression in neurons is protective or detrimental. The nitric oxide (NO) donors S nitroso-N-acetylpenicillamine, spermine-NONOate, and dieth ylamine-NONOate produced less death in SOD1-Tg neurons than in wild-type neurons (p < 0.0 I). Also, NO produced mark edly less 3-nitrotyosine in SOD 1-Tg cells. In contrast, the su peroxide generator menadione produced significantly greater death and nearly twice as much 2'7' -dichlorofluorescein fluo-
Superoxide radical (02-') has been identified as an important mediator of oxidative injury during ischemia reperfusion (Chan, 1996; Koroshetz and Moskowitz, 1996) . Superoxide formation is accelerated by N-methyl D-aspartate (NMDA) receptor stimulation (Lafon-Cazal et a!., 1993; Dugan et a!., 1995) and during mitochon drial dysfunction (Richter, 1992) . Increased superoxide fo rmation also may result from increased activity of sev eral cytosolic enzymes during ischemia-reperfusion rescence in SOD 1-Tg neurons than in wild-type neurons, sug gesting increased peroxide formation in the SOD 1-Tg cells. No significant difference was observed in the vulnerability of the two cell types to H202, the product of the SOD reaction. Over expression of SODI also had no effect on neuronal vulnerabil ity to glutamate, N-methyl-D-aspartate, or kainate. These ob servations suggest that SOD I overexpression can reduce neu ronal death under conditions where peroxynitrite formation is a significant factor, but may exacerbate neuronal death under conditions of rapid intracellular superoxide formation or im paired H202 disposal. Key Words: Superoxide dis mutase Transgenic-Neuronal death-Ischemia-Cell culture Glutamate. (Traystman et a!., 1991) . Intracellular superoxide levels normally are kept low by the action of cytosolic copper, zinc superoxide dismutase (SOD 1) and mitochondrial manganese superoxide dismutase, which catalyze the formation of H202 from O2-' (Halliwell and Gutteridge, 1989) .
Superoxide and its metabolites can produce cell injury in several ways. By itself, O2-' can initiate lipid peroxi dation (Halliwell and Gutteridge, 1989) and directly damage enzymes such as aconitase, which contain iron sulfur clusters (Liochev and Fridovich, 1994) . The prod uct of the SOD reaction, H2020 can oxidize protein sulf hydryl groups (Halliwell and Gutteridge, 1989) . Also, H202 can react with superoxide and transition metals to produce the highly reactive hydroxyl radical COH), which is capable of reacting with DNA, RNA, proteins, and other cell constituents (Halliwell, 1992) . In the pres ence of nitric oxide (NO), O2-' and NO rapidly and spon taneously combine to form peroxynitrite (ONOO-), which, like 'OH, can react indiscriminately with cell con stituents (Beckman and Koppenol, 1996; Squadrito and Pryor, 1995) . The depletion of NO by this route also may have deleterious effects, since NO also functions as a vasodilator (Palmer et aI., 1987) and as a terminator of lipid peroxidation (Hogg and Kalyanaraman, 1999) .
Several lines of evidence suggest that the net effect of increased SOD activity on neuronal survival may vary under differing conditions because of the complex inter actions among SOD, NO, and O2-'. Miles et aI. (1996) showed that decreasing either NO or O2-' can cause an increase in net peroxynitrite production under some con ditions, such that increasing SOD activity could poten tially increase the flux of this toxic metabolite. In addi tion, SODI can catalyze peroxynitrite-mediated tyrosine nitration (Beckman et aI., 1992) and can act as a peroxi dase to produce hydroxyl radical (Cabelli et aI., 1986; Yim et aI., 1998) . Overexpression of SOD I has been reported to increase basal production of hydroxyl radical in both brain and muscle (Peled-Kamar et aI., 1997) , to produce a muscular dystrophy in mice (Peled-Kamar et a!., 1997; Rando et aI., 1998) , to potentiate superoxide toxicity in cultured endothelium (Imaizumi et aI., 1996) , and to have other deleterious effects in several cell line preparations (Scott et aI., 1987; Elroy-Stein et aI., 1988; Norris and Hornsby, 1990; de Haan et aI., 1996) .
Overexpression of SODI has produced differing ef fects in different cerebral ischemia models. For example, SODI overexpression was found to reduce injury after transient middle cerebral artery occlusion (Yang et aI., 1994) and in a rat model of global forebrain ischemia reperfusion (Chan et aI., 1998) , but it was found to have negligible effects in a permanent ischemia model (Chan et aI., 1993) and to exacerbate brain damage in a model of perinatal focal hypoxiaJischemia-reperfusion (Ditel berg, 1996) . Ischemia causes neuronal death by several interdependent mechanisms, which vary in relative im portance under different ischemic conditions (Chan, 1996; Kristian and Siesjo, 1998; Lee et aI., 1999) ; there fore, it is possible that the net effect of SODI overex pression in a given ischemic setting may. be determined by the specific conditions produced. The current study uses a cell culture system in which specific aspects of ischemia can be independently examined to identify con ditions that determine whether SOD 1 overexpression in neurons is protective or detrimental. Murine cortical cul tures were prepared from the same mouse strain previ ously shown to exhibit increased resistance to cerebral ischemia-reperfusion (Yang et a!., 1994) and decreased resistance to neonatal ischemia (Ditelberg, 1996) . Neu rons obtained from heterozygous transgenic mice over expressing human SODI (SODI-Tg neurons) were di rectly compared with neurons derived from litter mate wild-type mice (wt neurons) to minimize the potential influence of strain differences (Gerlai, 1996; Banbury Conference, 1997 
Neuron-astrocyte co-cultures
Heterozygous SOD-I Tg mice of the SOD-I TgHS/SF-218-3 strain carrying human SODI were derived from the founder stock described previously (Epstein et aI., 1987) and bred on a CD-I mouse background. Neurons were prepared from fetal (embryonic day 15) mice produced by the cross of a heterozy gous SOD 1-Tg/wt male with a homozygous wtlwt female. This cross-produces pregnant dams with a mixture (roughly 50:50) of heterozygous SODI-Tg/wt and homozygous wtlwt fetuses.
Co-cultures were prepared by seeding neurons onto a preex isting wt astrocyte monolayer. The astrocyte cultures were pre pared from cortices harvested from I-day-old CD-I mice (Si monsen, Gilroy, CA, U.S.A.). After removal of meninges, the cells were dissociated by incubation in papain/DNAase, fol lowed by trituration. The dissociated cells were washed, sus pended in Eagle's minimum essential medium (MEM) with 10% fetal bovine serum (Hyclone, Ogden, UT. U.S.A.) and 2 mmollL glutamine, and plated in Falcon 24-well tissue culture plates at an approximate density of 5 x 10 4 cells/cm 2 . In some plates. round glass coverslips were placed in the wells. and astrocytes were plated onto the coverslips. The cultures were maintained in a humidified. 5% CO2• 37°C incubator and re ceived a medium exchange every 6 days. The astrocyte cultures were used as a plating surface for neurons when they were 14 to 20 days old and formed a confluent layer.
Neurons were prepared from fetal mouse forebrain cortices by the same method used for the astrocyte preparations. The neurons from each fetal brain were cultured in a separate plate.
The cells were plated at an approximate density of 1 x 10 5 cells/cm 2 . and the resulting co-cultures were maintained in 7.5% Oz/5% CO2 atmosphere. Proliferation of other cell types was inhibited by the addition of 10 [LmollL cytosine arabino side 2 days after plating. This medium was replaced after 24 hours with glial-conditioned medium (GCM) prepared by plac ing MEM with 2 mmollL glutamine and 5% fetal bovine serum into a flask of confluent cortical astrocytes for 72 hours. and supplemented with 100 nmollL sodium selenate and 200 nmollL a-tocopherol (Leist et aI., 1996) . The co-culture me dium subsequently was refreshed with fresh GCM every 6 days and on the evening before use of the cells. At day 5 in vitro, immunostaining for human SODI expression was performed on sample co-culture wells to identify the plates containing SOD 1-Tg neurons. Experiments were conducted when the neu rons were 16 to 21 days in vitro.
Astrocyte-poor neuron cultures
Preparation of astrocyte-poor neuron cultures was the same as for neuron-astrocyte co-cultures except that the cells were plated onto wells coated with polY-D-lysine rather than onto astrocytes (Swanson and Choi, 1993) . After 2 days in vitro, 26 f-lmollL cytosine arabinoside was added to each well to prevent proliferation of astrocytes or other cell types. This media was replaced completely with 10% GCM (400 [LL per well) after 48 hours, and the cultures were refreshed with 10% GCM every subsequent 5 days. These cultures were used to determine SOD activity after 9 days in vitro. Immunostaining showed less than 0.5% of the cells expressed the astrocyte marker glial fibrillary acidic protein.
SOD! activity
Astrocyte-poor neuron cultures were washed with phos phate-buffered saline solution (10 mmol/L KH2P0 4 , 27 mmollL KCI, and 137 mmollL NaCI, pH 7.4), harvested with a rubber policeman, centrifuged at 200 g for 10 minutes, and stored at -20°C until use. The SODI activity was assessed by the method of Crapo et al. (1978) After removal of excess antibody, membranes were treated with the ABC streptavidin detection system (Vector Laborato ries) for 1 hour, and the resulting horseradish peroxidase signal was detected using 3,3'-diaminobenzidene.
Experimental procedures
Experimental treatments were performed using balanced salt solution (BSS) buffered with C02/HC03 -. The BSS contained 0.1 % bovine serum albumin (BSA) and (in mmollL) KCI, 3.1; NaCl, 134; CaCI2, 1.2; MgS04, 1.2; KH2P0 4 , 0.25; NaHC03, 15.7, and glucose, 2. The pH was adjusted to 7.2 while the solutions were equilibrated with 5% CO2, Osmolarity was veri tied at 290 to 300 mOsm with a Wescor vapor pressure os mometer (Logan, UT, U.S.A.), and small adjustments were made with NaCI or deionized H20 when necessary.
Drug stocks were prepared in BSS immediately before use.
Drug stocks of the NO donors were maintained on ice for the 5-minute interval before their use. All studies were initiated by replacement of the culture medium by phenol red-free BSS in three partial (85%) exchanges. After addition of drugs, the cultures were incubated in a 37°C, 5% CO2 incubator for I hour except where noted. For xanthine oxidase/hypoxanthine treat ment, cells were exposed to 100 fLmollL hypoxanthine plus 0 to 50 mU/mL xanthine oxidase. Studies were terminated by three partial exchanges with Eagle's MEM containing 0.1 % BSA, and the cultures in this medium were returned to the CO2 incubator.
Neuronal death
Neurons were clearly distinguished from the underlying as trocyte layer by their phase-bright, process-bearing morpho logic features, as confirmed by NeuN immunostaining (Ying et aI., 1999) . Neuronal death was determined 20 to 24 hours after oxidant exposures by propidium iodide staining. A total of 0.42 mg/mL of propidium iodide was added to each well, and both the propidium iodide-stained neurons (dead neurons) and live neurons in five randomly picked optical fields were counted under a Nikon fluorescence microscope (Nikon, Tokyo, Japan).
At least 500 neurons were counted in each well. The results from each well were expressed as percent neuronal death. Lac tate dehydrogenase activity in the incubation medium also was used to quantify cell death in a subset of the studies (Koh and Choi, 1987) . In brief, 200 J.1L medium was mixed with 100 J.1L 500 mmollL potassium phosphate buffer (pH 7.5) containing 1.5 mmol/L NADH and 7.5 mmollL sodium pyruvate. The A340 non change was monitored over 90 seconds. 
3-Nitrotyrosine determination

Protein determinations
Protein concentrations of lysate aliquots were determined by the bicinchonic acid method (Smith et aI., 1985) using BSA standards. Bicinchonic acid was purchased from Pierce (Rock ford, IL, U.S.A.).
Statistical analyses
All data are presented as means ± SD. Statistical analyses were performed by Student's t-test or analysis of variance fol lowed by the Student-Newman-Keuls post hoc test.
RESULTS
Cultures containing SOD 1-Tg neurons were identified by immunostaining ( Figs. lA and I B) . These cultures consist of neurons on an astrocyte layer and are repre sentative of the cultures used for experiments. However, the presence of astrocytes in these cultures prevents a direct assessment of neuronal SOD 1 activity. Therefore, astrocyte-poor neuron cultures (less than 0.5% astro cytes) were used for this assessment. As shown in Fig.  lC , the SODI activity of SODI-Tg neurons was approxi mately 3.5-fold greater than that of wt neurons. 
Tg
Three different NO donors, S-nitroso-N-acetyl penicillamine, spermine-NONOate, and DEA-NO (Alexis), were used to determine if SOD I overexpression can attenuate NO neurotoxicity. These compounds all release NO by hydrolysis but have differing hydrolysis by-products and differing half-lives (Kowaluk and Fung, 1990; Keefer et aI., 1996) . Each of these NO donors produced significantly less death of SOD 1-Tg neurons than of wt neurons (Fig. 2) . To confirm that the neuronal death was induced by NO production, hydrolyzed NO donors were prepared by preincubating 5 mmollL of each compound in BSS at 37°C for 24 hours. This pro duces near-complete release of the NO moiety from the donors, and the released NO is oxidized to N02 -and N03 (Kowaluk and Fung, 1990; Keefer et aI., 1996) . Treatment of the cultures with the hydrolyzed NO donors did not induce neuronal death (data not shown).
3-Nitrotyrosine is a marker of protein modifications produced by peroxynitrite and possibly other reactive nitrogen species (Ischiropoulos and Al-Mehdi, 1995; Halliwell, 1997; Eiserich et aI., 1998) . To determine if SOD 1 overexpression attenuated NO-elicited neuronal death by decreasing peroxynitrite formation, 3-nitrotyro sine levels in the cultures were measured immediately after exposure to 4 mmol/L DEA-NO. Slot-blot immu no staining of the DEA-NO-treated SODl-Tg and wt co cultures showed a significantly lower level of 3-nitroty- , The t'/2 for SNAP, spermine-NO, and DEA-NO in Krebs buffer at 37"C is 3,2 to 6.4 hours (Kowaluk and Fung, 1990) , 10 to 90 minutes, and 2 to 4 minutes (Keefer et aI., 1996) , respectively, Neuronal death of sham-wash controls was less than 10% in both wt and SOD1-Tg cultures, Data points are mean ± SD, * P < 0,05; ** P < 0,01; n = 6 to 8, rosine in SOD 1-Tg cultures than in wt cultures (Fig. 3B) . The 3-nitrotyrosine standards showed a roughly logarith mic relationship between blot density and 3-nitrotyrosine concentration (Fig. 3A) , such that the difference in im munoblot densities from DEA-NO-exposed wt and SOD1-Tg cells (Fig. 3B) translates to a several-fold greater difference in actual 3-nitrotyrosine content. Menadione passes readily across cell membranes and reacts with intracellular electron donors and oxygen to generate superoxide (Cadenas and Sies, 1985) . This su peroxide generator was found to produce more death of SOD I-Tg neurons than wt neurons (P < 0.01; Fig. 4A ). Similar results were obtained when cultures were ex posed to paraquat, which also generates superoxide in tracellularly by a redox cycling mechanism (Halliwell and Gutteridge, 1989) . One mechanism by which these compounds could produce greater toxicity in the SOD 1-Tg neurons is by accelerated H202 production. This was tested indirectly by inhibiting H202 catabolism of the cultures by pretreatment of the cells for 24 hours with L-S,R-buthionine sulfoximine, an irreversible inhibitor of glutathione synthesis (Griffith and Meister, 1979; Bailey, 1998) , and 3-amino-l,2,4-triazole, an irreversible inhibi tor of catalase (Margoliash et ai., 1960) . The pretreat-ment did not increase neuronal death under control con ditions but potentiated the neuronal death produced by menadione (Fig. 4B ). In addition, multiple regression analysis showed that the effect of the pretreatment on menadione-treated SOD 1-Tg neurons was much greater than on the wt neurons, suggesting that menadione in duced greater H202 production in the SOD 1-Tg neurons.
To more directly determine if menadione produced a greater H202 production in the SOD 1-Tg neurons, DCF fluorescence in menadione-treated neurons was assessed. Fluorescing DCF is generated from the oxidation of 2' ,7' -dichlorodihydrofluorescein by H202, hydroxyl radical, and other oxidants (but not by superoxide) (LeBel et aI., 1992; Vanden Hoek et aI., 1997) . As shown in Fig. 5A , menadione induced approximately twice as much DCF fluorescence in SOD 1-Tg neurons as in wt neurons. Because DCF fluorescence also can be influ enced by pH (Reynolds and Hastings, 1995) , menadione to 8. Multiple regression analysis of data from the 15-\-ImoI/L menadione conditions showed that the interaction between cell type (S001-Tg or wt) and BSO/ATZ before treatment was highly significant (P < 0.01), whereas the the effect of BSO/ATZ before treatment alone was of borderline significance (P = 0.06), indi cating that the BSO/ATZ pretreatment amplified the difference between the sensitivity of S001-Tg and wt neurons to menadi one toxicity. The regression was performed using percent neuron death as the dependent variable and using both cell type (Tg or wt) and pretreatment as the independent variables. effects on intracellular pH was assessed in separate stud ies with the pH-sensitive dye BCECF (Rink et aI., 1982; Swanson et aI., 1997) . Menadione had no significant ef fect on intracellular pH in either the wt or the SOD 1-Tg cells (data not shown). An alternative mechanism by which SOD1 overex pression could increase neuronal vulnerability to mena dione is by increasing the sensitivity to H202, which is produced during menadione exposure. This could result from increased hydroxyl radical production from H202 by the peroxidase activity of SOD 1 (Cabelli et aI., 1986; Yim et aI., 1990) , or possibly from other secondary changes in the transgenic neurons induced by SODI overexpression. These possibilities were investigated by comparing the sensitivity of the SODI-Tg and wt neu rons to H202 exposure. As shown in Fig. 6 , no differ ences in sensitivity to H202 were observed. A xanthine oxidase/hypoxanthine system (Michikawa et aI., 1994) also was used to assess the effects of extra cellularly generated superoxide on the SOD 1-Tg and wt neurons (data not shown). Increasing xanthine oxidase elevated neuronal death, as previously reported (Michi kawa et aI., 1994) . However, the presence of catalase (500 U/mL) completely prevented the neuronal death, suggesting that the neuronal injury elicited by extracel lular sources of superoxide is mediated by H202 rather than by superoxide per se.
Stimulation of glutamate receptors, particularly the NMDA-type glutamate receptors, induces intracellular superoxide generation (Lafon-Cazal et aI., 1993; Dugan et a!., 1995) and NO production (Dawson et aI., 1991) . The effects of SOD 1 overexpression on neuronal death elicited by glutamate, NMDA, and kainate are shown in Fig. 7 . The SODI-Tg and wt neurons exhibited nearly identical sensitivities to each of these agents.
DISCUSSION
The reaction between NO and O2-' to form peroxyni trite is widely accepted as an important pathogenic mechanism in many disease states (Beckman and Kop penol, 1996; Halliwell, 1997) . The rate of peroxynitrite production in biologic systems is influenced by NO and O2-' concentrations, as well as by the presence of other reactants and transition metals (Miles et a!., 1996) . Stud ies in cell-free systems indicate that changes in superox ide concentrations could either increase or decrease per oxynitrite formation, depending on these other factors (Miles et aI., 1996) . A central finding of the current study is that NO-induced death is significantly attenuated in neurons that overexpress SOD 1, as indicated by the re duced susceptibility of Tg cells to the toxicity elicited by the three structurally different NO donors (Fig. 2) .
These findings provide support for previous in vivo studies that suggest decreased NO toxicity as a mecha nism for the protective effects of SOD 1 overexpression in murine ischemia models (Kinouchi et aI., 1998) . A role for peroxynitrite in this process is supported by the additional finding here that 3-nitrotyrosine content is markedly reduced in the Tg-SODI cells (Fig. 3) . 3-Ni trotyrosine is produced by peroxynitrite oxidation of pro tein tyrosine residues and thus is an indirect marker of cellular peroxynitrite levels (Ischiropoulos and Al Mehdi, 1995) . 3-Nitrotyrosine also may be produced in dependently of peroxynitrite under conditions of acidosis or inflammation (Eiserich et aI. , 1998; Halliwell, 1997) . These alternative mechanisms may complicate the inter pretation of 3-nitrotyrosine formation in ischemia in vivo, where both acidosis and inflammation can be prominent features, but these mechanism are unlikely to be significant in the current cell culture studies. A second observation of this study is that the SOD 1-Tg neurons were more vulnerable than wt neurons to toxicity from the superoxide-generating compounds, menadione and paraquat. Two observations suggest that the most likely mechanism of this effect is accelerated production of H202 in the Tg neurons. First, DCF fluo rescence was higher in the Tg cells than the wt cells under basal conditions, and this difference was magni fied during menadione exposure (Fig. 5) . Second, the toxicity of menadione in both wt and Tg neurons was increased during inhibition of H202 disposal pathways, and this increase was much greater in the Tg neurons than in wt neurons (Fig. 4B ). Importantly, there was no difference in the vulnerability of Tg and wt cells to H202 itself. This indicates that the differences in the two cell types is not attributable to differences in downstream factors such as differing iron content or differing catalase or glutathione peroxidase activities. The nearly identical sensitivities to H202 also suggest that the difference is not caused by H202 reactions with SOD itself (Cabelli et ai., 1986; Yim et ai., 1998) , but it remains possible that production of H202 by SOD could undergo site-specific reactions that do not mimic cell exposure to exogenous H202 well.
Theoretical considerations suggest that increased SOD activity should not result in increased H202 production, primarily because reactions of superoxide with iron sulfur groups and other groups produce a greater yield of H202 per O2-' than does the SOD reaction (Liochev and Fridovich, 1994) . However, several studies in addition to the current results indicate that increased H202 produc tion can occur with SOD overexpression. Escherichia coli, which overexpress SOD, produce more H202 than wt cells and are more sensitive to hyperoxia or paraquat (Scott et ai., 1987) . The SOD 1 transfectants of mouse epidermal cells are hypersensitive to oxidative stress and show increased DCF fluorescence, and these are reversed by concomitant transfections with glutathione peroxidase (de Haan et aI., 1996) . Similar findings are seen in fi broblasts cultured from individuals with Down's syn drome. which also have an increased ratio of SOD 1glutathione peroxidase enzyme activities (de Haan et aI., 1996) . A study of ischemia in neonatal mice, which have low glutathione peroxidase activity, also suggests greater H202 production in SOD 1-Tg than in wt mice (Fullerton et aI., 1998) .
In contrast with these reports, Teixeira et al. (1998) observed a lower level of DCF fluorescence in Hamster cell lines transfected with SOD I. A possible difference between these cells and the cortical neurons of the cur rent study is the relative ratios of SOD I to catalase and glutathione peroxidase, since these ratios may be criti cally important in determining the net effect of SOD 1 overexpression (Amstad et aI., 1994; de Haan et aI., 1996) . In addition, the current study was performed with several measures taken to replicate physiologic condi tions as closely as possible. These included (1) supple menting the culture medium with selenium and a-to copherol to physiologic levels (Leist et aI., 1996) ; (2) excluding phenol red and buffers (except CO2/HCO;) from the medium during experiments to prevent free radical scavenging and nonphysiologic side reactions;
(3) performing all studies at 37°C; and (4) maintaining the cultures in a 7% O2 atmosphere to produce a medium oxygen tension near that of normal extracellular fluids in (Guyton, 1976) . (A standard 21 % oxygen atmo sphere produces a hyperoxic medium and may induce compensatory changes in cultured cells.) In addition, all studies were performed using direct comparisons of neu rons from SOD-Tg mice to neurons from their litter mate wt mice to minimize the influence of strain differences, which can complicate studies using transgenic animals (Gerlai, 1996; Banbury Conference, 1997) .
In addition to NO and oxidative stress, excitotoxicity is a mechanism that contributes to ischemic neuronal death (Lee et ai., 1999) . Overexpression of SODI was found to have no affect on neuronal vulnerability to glu tamate or to the glutamate receptor subtype specific ago nists, NMDA and kainate (Fig. 6) . These results gener ally are consistent with previous in vitro and in vivo studies with this mouse strain. Chan et al. (1990) ob served reduced injury in SOD 1-Tg neurons at 4 hours but not 24 hours after glutamate exposure. Similarly, Kondo et al. (1997) found negligible effects of SODI overex pression on kainate toxicity in vivo. Because glutamate and NMDA produce neuronal injury in part by superox ide production (Dugan et aI., 1995; Lafon-Cazal et aI., 1993) , SODI overexpression might be expected to at tenuate this injury. It is possible that any salutary effect of SODI overexpression is negated by subsequent del eterious effects of H20b as observed here with menadi one-induced superoxide production. Alternatively, the fact that glutamate-induce superoxide production ap pears to be localized to the mitochondria (Dugan et aI., 1995) may render the mitochondrial SOD the primary line of defense (Gonzalez-Zulueta et aI., 1998) . Because neuronal NO production is stimulated by NMDA recep tor activation (Dawson et ai., 1993) , SOD 1 overexpres sion could, in principle, attenuate glutamate and NMDA toxicity by reducing peroxynitrite formation, as shown here with exogenous NO donors. However, the contri bution of the NO pathway to NMDA toxicity varies widely among different culture preparations (Dawson et ai., 1993; Hewett et aI., 1994) , and NO production in this culture model is negligible after NMDA stimulation (Chen and Swanson, unpublished results). Notice that Bar-Peled et ai. (1996) used a model of kainate exposure in immature cortical neurons (7 to 9 days in vitro in serum-free medium) to model neuronal apoptosis and found increased apoptosis in Tg-SOD 1 neurons. This finding suggests that SODI overexpression might exac erbate apoptotic death after cerebral ischemia, an area not examined in the current study.
One use of the cell culture system is that it facilitates the identification of direct cause-effect relationships leading to cell death. On the other hand, the simplified system does not replicate many aspects of ischemia, such as inflammation and vascular factors, which may be in fluenced by SODI overexpression. The two primary con clusions from this study are that SOD 1 overexpression can reduce NO toxicity in neurons by reducing peroxy nitrite formation, and that SOD 1 overexpression also can exacerbate neuronal injury by accelerating the produc tion of H202 and other reactive oxygen species. These findings are significant to cerebral ischemia because they suggest that efforts to treat ischemia with exogenous SOD preparations may be greatly enhanced by the coad ministration of glutathione peroxidase or catalase. In ad dition, these findings suggest that SOD augmentation may be of limited use under conditions where endog enous H202-disposing capacity is low, such as in imma ture brain (Aspberg and Tottmar, 1992) or acidosis (Ying et aI., 1999) .
